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We report combined experimental and theoretical studies of excitation relaxation in poly[2-methoxy,5-(2′-
ethyl-hexoxy)-1,4-phenylenevinylene] (MEH-PPV), oligophenylenevinylene (OPV) molecules of varying
length, and model PPV chains. We build on the paradigm that the basic characteristics of conjugated polymers
are decided by conformational subunits defined by conjugation breaks caused by torsional disorder along the
chain. The calculations reported here indicate that for conjugated polymers like those in the PPV family,
these conformational subunits electronically couple to neighboring subunits, forming subtly delocalized
collective states of nanoscale excitons that determine the polymer optical properties. We find that relaxation
among these exciton states can lead to a decay of anisotropy on ultrafast time scales. Unlike in Fo¨rster energy
transfer, the exciton does not necessarily translate over a large distance. Nonetheless, the disorder in the
polymer chain means that even small changes in the exciton size or location has a significant effect on the
relaxation pathway and therefore the anisotropy decay.
Introduction
Conjugated polymers are used for applications that capitalize
on their semiconductor-like properties, optical properties, and
ease of processing.1 In such applications the interplay between
free charge carriers and rather strongly bound excited electronic
states is important to understand and to control. For example,
in a light-emitting device it is the combination of charge carriers
to form a bound state (an exciton), the high yield of photolu-
minescence from that state, and suppression of energy migration
to quenching sites that are important. On the other hand, for
photovoltaic applications, the central question deals with the
irreversible dissociation of excitons into charge carriers. That
process might happen instantaneously upon photoexcitation, or
it can occur subsequent to exciton relaxation and migration
(perhaps to a trap or interface). Thus, the evolution of photo-
excitations over quite a large time span (femtoseconds to
hundreds of picoseconds) needs to be understood.
Much of the photophysics of conjugated polymer systems is
obfuscated by the structure and organization of the polymer
chains.2-14 It is essential to fully understand the primary steps
following photoexcitation in these systems in order to design,
tune, and optimize their electro-optical properties. In this paper,
we focus on examining the fastest dynamics, those that happen
in the first 100 fs or so. This time window has not been deeply
explored previously, partly because the necessary incisive
experimental probes of ultrafast exciton dynamics are not
commonly available, but principally because the excited-state
evolution on this time scale tends to be complicated owing to
possible entanglements among electronic and nuclear degrees
of freedom. Recent work has suggested that such ultrafast energy
transfer or relaxation dynamics cause the initial anisotropy to
be less than 0.4.15 We can gain insight into these issues by
comparing experimental data to theoretical simulations based
on molecularly realistic models.
In systems where there is little disorder (ladder type polyphe-
nylenes, oriented films), excitons can delocalize over large
sections of the polymer in the low temperature limit. That is,
the excited states are akin to the semiconductor band model.16
This was demonstrated experimentally for the special case of
highly ordered polydiacetylene chains dispersed in a host crystal
matrix so as to form an ideal one dimensional (1D) quantum
wire.17,18 In contrast, at room temperature disordered flexible
polymers, such as poly[2-methoxy,5-(2′-ethyl-hexoxy)-1,4-
phenylenevinylene] (MEH-PPV), exhibit electronic excitations
that are (de)localized onto only a few repeat units. Site-selective
fluorescence and single-molecule spectroscopic studies have
indicated that the excitation of such polymer chains can take
on a range of energies depending on the nature of the absorbing
conformational subunit/chromophore.11,19-21 Those experiments
reveal that polymers in the PPV family are characterized by
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distributions of chromophores along each chain, known as
conformational subunits.
To understand these polymers, we think in terms of a
hierarchy of structural disorder that dictates the interplay
between the electronic pi-system and slow intramolecular nuclear
degrees of freedom. First, owing to the relatively low energy
barrier for small angle rotations around bonds along the
backbone of conjugated chains, the chain is broken into
conformational subunits.22-31 It is these conformational subunits
that constitute the primary absorbing units. After excitation of
a conformation subunit, energy is funneled to lower-energy sites
on the chain by electronic energy transfer (EET) prior to
emission. Part of the experimental evidence for this energy
transfer has been obtained from analysis of the polarization
anisotropy decays, which reveal that energy migration occurs
overmultipletimescalesfromafewtohundredsofpicoseconds.32-37
Quantum chemical calculations have endeavored to clarify
our understanding of the nature of conformational subunits in
conjugated polymers.38-43 These basic light-absorbing units
range in size from 2 to 12 repeat units. Recent work has
emphasized why it is difficult to pin down a precise definition
of a conformational subunit with respect to torsional disorder,38,41
because “broken” conjugation is a subjective quantity. Indeed,
it does not seem at all appropriate to describe polythiophenes
in terms of conformational subunits,41,44 but for PPV derivatives
conformational disorder underpins our understanding of the
photophysicssthe conjugated polymer is a set of chromophores
of differing sizes, energies, and orientations. The picture
described by Liu et al. is somewhat conceptually different.42,43
They describe the conformational subunits in terms of their
degree of torsional disorder, so that the red-most absorbing units
are those that are the most planar, rather than necessarily the
longest. We should stress that, from a theoretical point of view,
the choice of the chromophore space chosen for our study has
a limited influence, as we deal with the exciton states resulting
from the coupling between all segments. Thus, the precise basis
set of “chromophores” is not crucial. Account of conformational
disorder seems not to be required to simulate absorption spectra
of conjugated oligomers because the line broadening due to
torsional modes is dominant at room temperature.45 However,
compelling evidence for conformational disorder and confor-
mational subunits as constituent chromophores of the polymer
comes from experiments such as fluorescence line narrowing.46
The basic characteristics of conjugated polymers are derived
from those of conformational subunits. However, for conjugated
polymers such as those in the PPV family, these conformational
subunits can electronically couple to neighboring subunits,
forming subtly delocalized collective states of nanoscale excitons
that influence the polymer optical properties.15,38,39,47-49 In the
present work we build on previous studies of conjugated
polymer dynamics,48-57 and we investigate the properties and
fate of these states at short times (<100 fs) after photoexcitation
to ascertain their possible role in the photophysics of MEH-
PPV. On the shortest time scales, we suggest these excitons
are somewhat delocalized over a few conformational subunits
as a result of intersubunit electronic coupling. Researchers
generally expect such delocalized states in organic systems to
be short-lived, owing to the likelihood of dynamic relaxation
processes that localize excitation onto conformational subunits.58,59
We calculate ultrafast exciton relaxation in an eigenstate
representation in order to interpret ultrafast anisotropy decay
processes in experimental data. In the theoretical studies of
excitation relaxation we examine individual polymer chains to
obtain insights that are obscured in ensemble polarization
dependent experiments. We find that rapid decay of anisotropy
can occur in single PPV chains as a result of relaxation among
exciton states. Interestingly, in the course of these dynamics,
the exciton does not translate along a significant length scale,
unlike in Fo¨rster energy transfer. Nonetheless, the effect on
anisotropy is significant. We conclude that the large disorder
in the polymer site energies, caused by conformational disorder,
plays a deciding role in exciton localization and the initial
anisotropy decay.
Theory
To start, we calculate the delocalized, or excitonic, states
formed by the electronic coupling among conformational
subunits within a PPV chain. The degree to which these states
are delocalized compared to the basic chromophore units
depends on the distribution of excitation energies of the
conformational subunits (sometimes called disorder) and the
strength of electronic couplings between them. One needs thus
to describe properly the site energies as well as electronic
couplings among lowest-lying excited states of the distinct
chromophores. Site energies and electronic coupling for each
pair of OPV segments were determined using correlated
semiempirical quantum-chemical techniques on the basis of the
ground-state geometries of the distinct OPV segments. This is
justified by the fact that it is the nature of electronic excitations
at early time after the excitation, that is, prior to any vibrational
relaxation process that is sought. Ground-state geometries were
optimized using the semiempirical Austin Model 1 (AM1)
technique.60,61 This method has been successfully applied to
similar systems by Rissler et al.62 and was shown to predict
geometric structures in very good agreement with high-level
ab initio (MP2/6-31G*) results and X-ray diffraction data.25,63
The lowest-lying excited states were then computed on the
basis of these geometries by means of the semiempirical
Hartree-Fock INDO method64 coupled with a single configu-
ration interaction (SCI) technique.65-67 The semiempirical
Mataga-Nishimoto potential has been adopted to describe the
electron-electron interactions.68,69 To ensure size-consistency,
the CI active space was scaled with the number of carbon atoms
by considering all the lowest unoccupied and highest occupied
molecular orbitals (MOs) with dominant pi character. In applying
this procedure, four occupied and four unoccupied molecular
orbitals were retained per phenylenevinylene unit. A detailed
analysis of the lowest singlet excited states reveals that only
the most frontier MOs (i.e., molecular orbitals with significant
contribution on the ring para-carbons) contribute significantly
to the lowest two singlet excited states, with the largest one
arising mostly from a simple HOMO to LUMO electronic
transition as reported previously.70
To account for the detailed chemical and conformational
structures of the interacting chromophores, a multipolar repre-
sentation of the transition dipole moments (atomic transition
densities71) has been used. Transition densities provide a local
map of the transition dipole moment induced by an electronic
excitation and can be viewed as a local measure of the amount
of electronic reorganization undergone by the system during
excitation.72 Within the distributed monopole model39 adopted
here, electronic coupling factors are thus expressed as a sum
over pairwise interactions between INDO/SCI atomic transition
densities associated with the relevant excited-state of the
interacting chromophores.
The electronic coupling between the mth and nth excited states
localized, respectively, on the chromophore sites “1” and “2”
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are expressed in terms of the atomic transition densities over
the two chromophores as in the following:
with F0-n1 (a) ) Σp∈aΣi,j∈1[x2(Ci,j1,ncp1,icp1,j)] and F0-m2 (b) )
Σq∈bΣi′,j′∈2[x2(Ci′,j′2,mcq2,i′cq2,j′)] where a and b run over all atomic
sites on the first and second OPV segments; and V(a,b) is the
Coulomb potential in atomic representation, which is taken here
as the Mataga-Nishimoto potential.68 F0-n1 (a) and F0-m2 (b) denote
the transition densities on atomic sites a and b associated with
the S0 - Sm and the S0 - Sn electronic transitions in the first
and second OPV segments, respectively. Ci,j1,n (Ci′,j′2,m) is the CI
coefficient weighting the contribution from the monoexcited
configuration resulting from a transition between occupied MO
i and unoccupied MO j to the nth (mth) singlet excited-state of
the first (second) chromophore.
PPV chains were generated using a self-avoiding chain growth
scheme parametrized based on ab initio calculations of a small
phenylenevinylene oligomer, as described elsewhere.73,74 These
chains were “broken up” into chromophores of conjugated
segments separated by large dihedral angles. The cutoff angle
was adjusted to give experimentally relevant conjugation lengths.
A cutoff of around 55° was typically used. Comparison of
different cutoff angles shows that there is little dependence on
this value. That is, because all of the chromophores are coupled
(and the couplings are included explicitly) there is no discernible
difference between one large chromophore with central conjuga-
tion break or two smaller chromophores that are strongly
coupled. INDO/SCI calculations were performed to determine
the site energies of the chromophores and the couplings between
them. Chromophores shorter than two repeat units were not
included in subsequent calculations because of their high energy.
The conformations of three representative chains are shown
in Figure 1. The radii of gyration of these polymer chains are
estimated to be 300, 210, and 154 Å according to the equation:
where N is the number of monomers. The sum is over all pairs
of monomers, (i,j); and (ri - rj) is the distance between
monomers i,j. A more detailed study of the conformational
disorder and its impact of spectroscopy is reported elsewhere.38
Energetic disorder in MEH-PPV is mostly due to the presence
of a broad range of conformers. The cis-defects present in the
chains do not necessarily break the conjugation but instead yield
more coiled structures.
We begin with a multichromophoric picture where the basis
self-consists of conformational subunits with excitation energies
Hnn and electronic coupling among them Hnm. To obtain the
collective exciton states |ν〉 in terms of the mixing coefficients
λn
ν
, the secular equations were solved,
where the energies (Eν) are defined relative to the ground-state
energy of the aggregate, E0; matrix elements are Hnm ) 〈φm|H
- E0|φn〉; and the overlap integrals are Snm ) 〈φm|φn〉 ≈ δnm.
The N exciton states are obtained:
It is in this eigenstate basis that we simulate the absorption
spectrum and participation ratio as well as the early time excited-
state dynamics. Unless otherwise noted, Greek characters (µ,ν)
represent eigenstates and Roman characters (m,n) are chro-
mophores in the site representation.
Simulation of Absorption and Fluorescence. We have
simulated the absorption and fluorescence spectra for the single
PPV chains using the equations below. High-frequency vibra-
tional modes are included explicitly in the simulation of
absorption and emission. They were incorporated using the
following equations for the area-normalized absorption and
fluorescence spectra:75-77
where g(t) is the line-broadening function that was previously
estimated from experiment,49 the temperature was set to 300
K, λ is the reorganization energy associated with the Stokes’
shift, and ενk is the transition frequency of the νth chromophore
adjusted for thermal population of the kth vibrational mode. The
spectrum is weighted by the Boltzmann weighting P(k). 〈k|k(t)〉
is the time-dependent overlap of the initial vibration k with its
evolution in the excited state. This overlap gives the time-
domain picture of the vibrational absorption spectroscopy, the
Fourier transform of which corresponds to the vibrational
component of the absorption.76,77 Nf (Na) is a normalization
constant. The angular brackets are appropriate for ensemble
measurements and indicate an ensemble average over many
polymer chains. µν is the transition moment vector, given by
the vector sum of the site-localized transition dipole moment
vectors:
Figure 1. Conformations of three representative chains. The radii of
gyration of chains are Chain A: 300 Å, Chain B: 210 Å, and Chain C:
154 Å. The conformations of the chains were generated by MD
simulations. The site energies and the couplings between sites were
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The specific form of the line broadening function, g(t),
includes experimentally determined bath fluctuations and cou-
pling magnitudes.49 It was calculated from the correlation
function M(t) ) 200 exp(-t/85) + 177 exp(-t/1500), where
the reorganization energies are in cm-1 and the time constants
are in fs. In the absence of high-frequency modes, eqs 5 and 6
reduce exactly to the standard line shape functions.78 The
coupling of low-frequency vibrational modes to the electronic
transition is taken into account through the bath spectral density.
Significant low frequency modes include torsional motions in
PPV and its derivatives.53 The time-resolved fluorescence spectra
were calculated using a master equation approach described
below and eq 6 with |µν|2 replaced by the cumulative ground-
state population produced by emission from state |ν〉.
The inverse participation ratio (IPR) is a measure of the extent
of exciton delocalization and was calculated by:79
where F represents the density of states. The IPR ranges from
1, where the exciton is completely localized on a single
chromophore, to 0, where the exciton is delocalized over the
entire polymer. The average value over the energy range
26 000-30 000 cm-1 for the three chains was found to be 0.7,
corresponding to a conjugation length of around 7 repeat units
for PPV.
Simulations of the Excited-state Dynamics. To examine the
ultrafast dynamics of conjugated polymers unobscured by
ensemble averaging, we performed theoretical simulations on
single PPV chains (T ) 300 K). The dynamics of delocalized
exciton states will be discussed in the basis of an electronic
eigenstate representation. It is reasonable to consider the excitons
in a delocalized basis because we are only interested in the early
time dynamics. The relaxation and equilibration processes we
calculate play a role in localizing probability density to discrete
conformational subunits, which then serve as the basis for
subsequent electronic energy migration by a Fo¨rster type
mechanism. We examine the dynamics of the exciton relaxation
in isolated PPV chains by solving the master equation:
where γν is the radiative decay rate constant of state |ν〉, W are
the transfer rates, and P is the population density. This level of
treating the exciton dynamics, which focuses solely on the
exciton populations, was found to give an accurate description
of the exciton dynamics in linear J-aggregates.80 Initial condi-
tions were determined based on excitation conditions, as
described in the Results section, together with calculated dipole
strengths. These coupled differential equations are solved
numerically, passing from the differential to the integral form
of the equations:81
where Wν ) γν + ∑µ Wµν, and solving iteratively. The rate was
calculated by eq 11, 81-83
where nj ) (exp(∆E/kBT) - 1)-1 is the mean thermal occupation
(Bose-Einstein distribution), and Oµν is the probability overlap
between the two states |µ〉 and |ν〉. Eq 11 satisfies the principle
of detailed balance. The bath spectral density is defined as
for an Ohmic spectral density,84,85 with ω0 as the exciton-phonon
coupling constant and ωc as a cutoff frequency. The overlap
probability is given by eq 13.
In our simulations we take γν ) |µν|2γ0, meaning that an
average single-chromophore radiative rate, γ0, is weighted by
the oscillator strength (transition dipole moment squared) of the
exciton state of interest. γ0 was set to be 0.0031 ns-1. This
corresponds to an excited-state lifetime of ∼700 ps to 1 ns
(neglecting nonradiative decay) when excited by a laser pulse.
The actual value depends on the microscopic nature of the
individual chain. The value of the radiative lifetime has been
shown experimentally to be approximately 1 ns in PPVs.86,87
However, our simulations are insensitive to the specific value
of this rate, as we are probing only the early time dynamics
where ,1% of the initial population is lost due to emission. A
cutoff frequency ωc ) 60 cm-1 was used in addition to an
exciton-phonon coupling parameter (reorganization energy) ω0
) 500 cm-1 in the bath spectral density. This spectral density
was obtained by approximately matching the Ohmic spectral
density to that calculated based on the Brownian oscillator model
used for g(t).
For relaxation between states to be efficient, the states must
be energetically similar. However, this is not sufficient to ensure
relaxation. The relaxation rate is also dependent on the (spatial)
overlap probability between two exciton states. That is, spatial
extent and close energy are important. A schematic of the energy
relaxation is presented in Figure 2. These exciton relaxation
calculations are appropriate only for the first ∼100 fs of the
dynamics.
Simulation of the Anisotropy. When a system of randomly
oriented polymer chains interacts with polarized light, the
probability that any chromophore in the ensemble will absorb
light depends upon the projection of its transition moment with
respect to the polarization of the electric field vector of the
incident light. That is, when the sample is excited by polarized
light, the transition dipole needs to be oriented (at least partly)
in the direction of polarization. This is the initially prepared
state; from this distribution of states relaxation will occur. If
that relaxation involves a change in transition dipole orientation,
then a change of anisotropy is observed in the ensemble.88,89
We calculated the anisotropy using the following equation which
takes into account loss of anisotropy according to a mean angular
displacement of transition dipoles90 for an isotropic ensemble
of polymer chains:






Pν˙ ) -γνPν + ∑
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where θ is the angle between absorption and emission transition
moments. In the present work we are concerned with anisotropy
decay induced by exciton relaxation or exciton migration. To
this end, static chains were considered because the rate of
rotational diffusion is much slower than the time scale of exciton
relaxation. The calculated anisotropy decays correspond to
fluorescence anisotropy experiments, not transient absorption.
Because many states may be initially populated by absorption
of a laser pulse, a weighted anisotropy is used.90 This is
determined through a coarse-graining approach by calculating
the anisotropy decay for each initial condition (where only one
state is excited at time, t ) 0). Then we calculate a weighted
average of all of these decays. The weighting is determined by
the overlap of the single-state absorption spectrum with the
excitation source (the probability that this state would be
populated in an ensemble of eigenstates). Those states that are
more populated will contribute to the overall anisotropy decay
more than the states which have poor overlap. This weighted
anisotropy is expressed by eq 15,
where the summation is over all states |ν〉 and fν is the fractional
contribution of the νth state to the absorption.
Experimental Section
One-color pump-probe measurements were carried out as
follows. A tunable nonlinear optical parametric amplifier
(NOPA) was pumped by 200 µJ of the output of a Ti:sapphire
regeneratively amplified laser system that generates ∼140 fs
pulses at 775 nm and 1 kHz. The tunable visible output of the
NOPA was used for excitation.91 Dispersion was precompen-
sated using a pair of quartz prisms. The laser spectrum was
measured using a CVI SM-240 CCD spectrometer. Depending
on the laser center frequency, pulse durations of 30-45 fs were
obtained from autocorrelation measurements at the sample
position. The intensities of the excitation beams were controlled
by using a half-wave plate/polarizer combination. Pump and
probe beams were synchronously attenuated until the early time
signal shape was independent of pulse energy, <5 nJ per pulse
at the sample position. The pump and probe are split by a beam
splitter with an approximate ratio of 7:3. The probe beam is
further attenuated by an Al-coated coverslip by ∼200 to 250
times. The probe beam fluence, accounting for its rotation by
45° for simultaneous collection of VV and VH decays, is
estimated to be approximately 1/1000th that of the pump. To
measure the anisotropy, the pump beam was vertically polarized.
The probe polarizer was set to 45°, and a polarization cube
before the detectors allowed for simultaneous measurement of
the parallel (VV) and perpendicular (VH) signals. The polariza-
tion was verified by ensuring that the initial anisotropy for a
laser dye was 0.4.
Chlorobenzene (spectroscopic grade) was obtained from
Aldrich Chemical Co. MEH-PPV was obtained from American
Dye Source. POPV oligomers were provided by H. Meier.92
Solutions of MEH-PPV or POPV in chlorobenzene were filtered
to remove insoluble impurities, and the absorbance was adjusted
to be ∼0.3 at the absorption maximum in a 1 mm cuvette. The
solutions were circulated through a 1 mm path length flow cell
using a gear pump. All measurements reported here were
conducted at 294 K. To ensure that there was no photodegra-
dation, the absorption spectrum of each sample was compared
before and after anisotropy measurements.
Results and Discussion
The absorption spectrum of MEH-PPV in chlorobenzene
solution is plotted in Figure 3a together with the three laser
excitation spectra used in our experiments. Examples of VV
and VH polarized pump-probe transients for MEH-PPV in
chlorobenzene solution are provided in the Supporting Informa-
tion. The polarization anisotropy, defined as88,90
is plotted in Figure 3, panels b and c. Figure 3b shows that the
measured anisotropy decay depends quite sensitively on laser
Figure 2. The top panel shows part of a conjugated polymer chain,
indicating how torsional disorder effectively breaks the conjugation
into a series of chromophores, labeled 1-6. The bottom panel
schematically illustrates a series of exciton states formed by interaction
among the chromophores 1-6. The depth of color at each site depicts
the magnitude of the coefficient for that site in the delocalized
eigenstate. For efficient relaxation among states in the exciton manifold,
the energies of the two states must be sufficiently similar according to
eq 11. The relaxation between states in the exciton manifold is also
dependent on the overlap probability between states Oµν. When this is
included, the relaxation is not simply down the energetic ladder but
also depends strongly on the spatial extent of the exciton.83 The solid
arrows indicate transitions that are quick, owing to both energetic and
overlap conditions being met.
r0(t) ) 15(3 cos




r(t) ) IVV(t) - IVH(t)IVV(t) + 2IVH(t)
(16)
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power. The fast transient present at moderate excitation energies
is attributed to exciton-exciton annihilation.93 At such excitation
intensities, there is a reasonable probability that two or more
excitons may occur on the same polymer chain, encounter each
other, and annihilate. Multiexciton states are generally short-
lived in polymers and other macromolecules because excitations
on nearby but distinct chromophores annihilate very effectively,
forming a higher electronic state that rapidly relaxes through
internal conversion.94,95 This rapid relaxation is observed in the
high intensity anisotropy decay shown in Figure 3b. Care must
be taken to avoid such power-dependent effects if one hopes to
investigate the dynamics of single excitons.
At sufficiently low excitation pulse energies (<5 nJ/pulse)
we found the anisotropy decay profile to become insensitive to
excitation intensity, and all further experiments were carried
out under those conditions. Thus, we report data in the third-
order nonlinear optical regime with minimal exciton-exciton
annihilation. Figure 3c demonstrates the excitation wavelength
dependence of the anisotropy decay of MEH-PPV in chloroben-
zene as measured by one-color pump-probe. Excitation wave-
lengths were 540, 510, and 493 nm. Care must be taken when
interpreting the data at excitation/probe energies higher than
the red-edge of the absorption band. These measurements probe
a subensemble of population at increasing delay times that
includes population that has not undergone EET to lower energy
subunits.
We are interested in understanding the fast decay dynamics,
so we first need to explain clearly how the pump-probe
anisotropy experiment works as a third-order nonlinear spec-
troscopy. The change in probe intensity (i.e., the intrinsically
heterodyned third-order nonlinear optical signal) as a function
of pump-probe delay tp for an optically thin sample of path
length l, concentration of absorbers c, and refractive index n
is:78
where Epr(tp) is the electric field of the probe pulse, * means
complex conjugate, and the subscript Σ(∆τ) means that integra-
tions over the finite pulse durations are carried out in such a
manner that response functions accounting for nontime ordered
pulse sequences are correctly accounted for (e.g., to reproduce
the coherence spike). That summation over finite pulse duration
can be carried out in conjunction with rotational averaging with
respect to the pump-probe polarization to yield a weighted sum
over nonlinear response functions:
where aR is an amplitude denoting the contribution of response
function RR at each pump-probe delay (it depends on pulse
duration). CR(4) relates the laboratory frame pump and probe pulse
polarizations to the dipole transition moments of the molecules
being photoexcited.88,89,96-99 For randomly oriented molecules
this relationship is governed by an isotropic Cartesian tensor.100,101
CR(4) needs to be evaluated for each of the two pump-probe
polarization configurations, see Appendix B of ref 102. We wish
to point out that the anisotropy decay can be retrieved even
during the pulse duration because the sum over response
functions cancel in Eq 16, except for the factor that gives the
time dependence of the ensemble-averaged transition dipole
randomization:
The prefactor is equal to 0.4, and the latter factor represents
the projection of the transition dipole unit vector rotational
correlation function, where P2(x) is the second-order Legendre
polynomial. It is notable that the coherent spike (nontime
ordered response functions during pulse overlap103) has little
effect on the anisotropy, except in special cases, because it is
removed by taking the ratio.
Figure 3. (a) Absorption spectrum for MEH-PPV in chlorobenzene
solution. The normalized laser spectra are also shown, with center
wavelengths of 493, 510, and 540 nm. (b) Pump-power dependence.
Excitation wavelength was 493 nm. (c) Experimental pump-probe
anisotropy of MEH-PPV in dilute chlorobenzene solution. Pump/probe
wavelengths were 540 nm (red curve), 510 nm (green curve) and 493
nm (blue curve).
Ip-pr(tp) ∝ cln ∫0
∞ dt Im[Epr* (tp) · 〈P(3)(0, tp, t)〉]Σ(∆τ) (17)
〈P(3)(0, tp, t)〉 ) ∑
R
aR(tp)CR(4)RR(0, tp, t) (18)




)〈P2(µˆ(0) · µˆ(t))〉 (19)
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Although we focus our discussion on excitons, polaron pairs
(or charge transfer excitons) can be a byproduct of the breaking
up of initially created excitons.94,104-113 Polaron pairs are species
where the electron and the hole are on different conformational
subunits but are still bound. It is possible that some are
photogenerated directly, but the consensus is that they are
formed in small yield on the time scales we focus on in this
work.114-117 So, although we specialize our discussion to exciton
relaxation, which is thought to be the dominant species formed
immediately upon ultrafast excitation of MEH-PPV in solution,
a contribution to the dynamics from polaron pair formation
cannot be discounted.
The initial anisotropy of MEH-PPV in dilute solution was
found to be 0.36 ( 0.01 for the pulse duration used in our
experiments. The anisotropy decays rapidly during the first∼200
fs, after which it assumes a significantly slower decay profile
that accounts for most of the anisotropy decay. Other researchers
also consistently record initial anisotropies less than 0.4.15,32,35
We attribute the low initial anisotropy to a combination of
processes that rapidly decay the anisotropy within the finite pulse
duration of our experiments. In the simplest treatment of the
nonlinear response functions, 0.36 represents an average ani-
sotropy over approximately the first 20-30 fs. We have
examined this in more detail using simulations and experiment
in other work in our laboratory, and those results substantiate
the general idea of this explanation.118
The anisotropy decays for a series of POPV oligomers are
plotted in Figure 4 for comparison. These data show no
anisotropy decay, which implies that dynamics that are intrinsic
to the chromophores, such as cooling of torsional mode
excitations, segmental motion, or other structural deformations
do not contribute to the ultrafast anisotropy decay we observe
for the polymer. Note also that the initial anisotropy for 4POPV
and 6POPV is close to 0.4 in each case. 8POPV has a slightly
lower initial anisotropy, although no noticeable decay on the
time scale of our measurement. There may be some conforma-
tional disorder in the 8POPV chain since entropic effects become
more important as the conjugated chains increase in length.42,43
These observations are specific to POPV oligomers, that, like
MEH-PPV, have a relatively simple manifold of electronic
excited states. Other systems,119 notably porphyrin oligomers,
display more complicated anisotropy decays.120
In Figure 5a we plot the absorption spectrum calculated for
a single PPV chain (chain C, Figure 1). Superimposed on that
plot is the calculated inverse participation ratio, eq 8, for this
chain. These calculations show that the spectroscopy of PPV-
type polymers is dominated by disorder. That is, the confor-
mational disorder breaks the chain up into effective chro-
mophores, but because the excitation energies of these
chromophores are widely distributed, the excitation is substan-
tially localized despite the electronic coupling among subunits.
Nonetheless, the electronic couplings among the subunits do
yield slightly delocalized eigenstates. Previous work suggests
that those eigenstates may localize to single conformational
subunits via relaxation processes.15,35,48,58 Such localization
would affect the anisotropy by effectively rotating the transition
dipole because the transition dipole vector of the exciton state
differs from a localized state unless the chromophores are
parallel. That is illustrated in Figure 5b, which plots the rotation
of the transition dipole for each eigenstate on PPV chain C as
it transforms from delocalized to localized. Clearly these
rotations can be substantial, suggesting that localization may
have a significant effect on the early time evolution of the
pump-probe anisotropy. However, such a picture is purely for
illustration, and serves to motivate the simulations described
below.
The simulations based on eqs 9-13 and eq 6, showing the
evolution of the early time (first 100 fs) emission spectra as a
function of excitation wavelength, are reported in Figure 6. The
shifting of early time fluorescence with excitation wavelength
is consistent with that reported previously.121 This shift has been
found to be larger in polymers with broken conjugation,35 in
keeping with the larger proportion of shorter (blue) segments.
Figure 4. Experimental POPV oligomers’ anisotropy decay for n )
4, 6, and 8. Excitation wavelength was 493 nm. Initial anisotropies are
approximately 0.4 for 4POPV and 6POPV. The initial anisotropy is
slightly lower for 8POPV. The structure is shown as an inset.
Figure 5. (a) Calculated absorption spectrum and inverse participation
ratio for chain C. The inverse participation ratio is a measure of the
extent of delocalization. 0 corresponds to completely delocalized. 1 is
when the exciton is localized on a single subunit. The calculated spectra
for all the chains are qualitatively similar (not shown). (b) The rotation
of the dipole moment upon localization for chain C. The majority of
the dipoles are rotated by fewer than 10° upon localization. However,
a few chromophores may be rotated by as many as 85-90°.
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Notably, the population is predicted to shift very rapidly (over
∼100 fs) to a low energy distribution via exciton relaxation.
Additional spectral diffusion would be promoted by Fo¨rster-
type energy transfer. As time progresses, a small time-dependent
Stokes’ shift is indeed observed in the simulations. It has
previously been reported, based on time-resolved fluorescence
measurements, that the 0-0 Stokes’ shift changes by∼350 cm-1
during∼3 ns for samples of MEH-PPV and 180 cm-1 for PPV.56
In ensemble measurements, the shape of the spectra change as
well, reflecting the change in the relative contributions from
the long and short chromophores with time. Intramolecular
reorganization and energy transfer on a longer time scale are
responsible for the remainder of the large apparent Stokes’ shift
observed in MEH-PPV48 and other conjugated polymers. Again,
this phenomenon is even more apparent in films, where
interchain energy transfer dominates.15,48 These relaxation
processes are coupled with changes in transition dipole orienta-
tions that decay the anisotropy in the spirit of the simplistic
model introduced in the preceding paragraph.
To gain a better understanding of the role that the microscopic
conformation of each PPV chain plays in deciding the relaxation
dynamics and anisotropy decay, simulations were performed
where individual eigenstates were selectively excited. This is
analogous to narrow line width excitation, whereas ultrashort
pulse excitation generates a linear combination of these kinds
of decay profiles. The results of the simulations demonstrate
how disorder, even in single polymer chains, can blur details
of the relaxation pathways and mechanism. Figure 7a shows
examples of how the various types of effective chromophores
that may be excited by the same laser pulse can lead to very
different anisotropy decays. We find that excitons range from
delocalized and strongly coupled cases that display fast anisot-
ropy decays (case 1), to energetically isolated chromophoressa
conformational subunit bordered by subunits of quite different
energysthat are only very weakly coupled to others (case 3).
These latter states exhibit little or no fast anisotropy decay.
Interchain excitons can also be formed (case 2) where the
conformational subunits that form the exciton are not adjacent
along the chain but interact through-space.
Redistribution and relaxation of the exciton density (the
probability distribution of finding a portion of the exciton on a
site n at a given time) clearly decays the anisotropy even though
the extent of spatial migration can be very small, as shown in
Figure 7. This can happen on a rapid time scale (approximately
<50 fs). As seen in Figure 7b for case 1, the excitation is quickly
redistributed among the chromophores that comprise the col-
lective electronic state when there are several contributing
chromophores. These relaxation processes are enabled by
overlapping wave function coefficients, as schematically il-
lustrated in Figure 7c. Note that no significant geometrical
distortionsfree exciton equilibration enabled by coupling to
nuclear modessknown as self-trapping is necessary to promote
this relaxation. On the other hand, when the exciton is mostly
localized on one conformational subunit, there is almost no
decay in the anisotropy according to the exciton relaxation
model, because that chromophore is coupled to others only very
weakly.
The exciton relaxation as well as self-trapping can lead to
localization of the exciton onto conformational subunitssthe
chromophores of the polymersand subsequent dynamics involve
hopping of that excitation among conformational subunits by a
Fo¨rster-type EET. Fo¨rster-type EET involves the transfer of
excitation from one chromophore to another and is promoted
by weak electronic coupling between donor and acceptor (e.g.,
a dipole-dipole coupling between transition densities).122 It
therefore occurs in the opposite coupling regime to exciton
relaxation, that is, EET occurs when the chromophores are
strongly coupled to the bath relative to the electronic coupling
between them. In contrast, exciton relaxation is mediated by
weak exciton-bath coupling between eigenstates formed by
relatively strong electronic coupling between the chromophores.
Consistent with the assignment of Herz and co-workers,15 we
postulate that the exciton relaxation precedes Fo¨rster-type EET
and plays a role in localizing the excitation prior to long-range
EET mediated by a Fo¨rster mechanism. That idea would be
supported if there were a clear time scale separation between
the two processes. Figure 8 shows calculated anisotropy decays
for red-edge excitation conditions with realistic excitation pulse
spectra but with the simplifying assumption that the excitation
is instantaneous. Simulations for the three PPV chains shown
in Figure 1 are compared. There appears to be a dependence
on the radius of gyration of the polymer over longer time scales,
but in the first 50 fs time window the decays are similar for
each chain. The early time, rapid decay is the exciton relaxation
and equilibration mediated by the bath of nuclear motions that
couple to the electronic eigenstates, eqs 9–13. That relaxation
among the eigenstates (see Figure 7) is seen as a net transition
dipole rotation, and hence a decay in anisotropy. We anticipate
that the exciton could be localized after the fastest component
of this relaxation (in about 50-100 fs). That may occur by self-
trapping (a self-consistent equilibration of exciton population
density and nuclear coordinates, not considered in our model),
or, as in the present simulations, simply by exciton relaxation
to a bottleneck at longer subunits that tend to be more localized.
This kind of localization by exciton relaxation is caused by the
Figure 6. The effect of the excitation energy on the early time
fluorescence. Calculated absorption and steady-state fluorescence spectra
are shown in black for chain A. The excitation pulse is shown as a
green Gaussian. The emission at 100 fs is shown in red. The early
time fluorescence clearly changes depending on excitation energy. The
density of states is shown at the top of the figure for reference. In the
lower plot the abnormal shape of the early time fluorescence is due to
the fact that even though the states nearest in energy to the excitation
each contribute significantly to the early time fluorescence, the higher
density of states further to the red sums to give a greater overall
contribution, even though the contribution from each state is small.
This accounts for the appearance of the peak at lower energies.
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strong disorder in site energies as a direct consequence of
conformational disorder. By averaging over the calculated
anisotropy during the initial 20-30 fs, we predict the initial
anisotropy measured under excitation conditions similar to our
experiment to be ∼0.37. That value compares well with the
value of 0.36 we have measured for MEH-PPV.
Fo¨rster-type EET requires bath equilibration prior to each
EET hop. It is unlikely that this can reasonably occur on the
10-20 fs time scale given that MEH-PPV is weakly coupled
to the bath coordinates,50 leading us to favor exciton relaxation
for the <50 fs time window, whereas Fo¨rster energy migration
will likely drive the anisotropy decay for times >50-100 fs.
Perhaps, more realistically, competition between weak and
strong coupling leads to the intermediate coupling regime for
EET. Further evidence to support this time scale and mechanism
separation comes from our previous use of the three-pulse
photon echo peak shift (3PEPS) method that is very sensitive
to spectral diffusion.48,49
Overview of Exciton Evolution and Dynamics in Conju-
gated Polymers. Upon light absorption by a conjugated polymer
chain, excitation might be shared coherently among a few
conformational subunits, thus forming exciton states. Our
calculations suggest that these exciton states are substantially
localized. However, although the extent of delocalization is
small, the implications for the ultrafast evolution of the excited
states are reasonably significant. Relaxation of these initially
excited states has been found to be rapid, characterized by time
scalesof<50fs,asobservedclearly in the3PEPSexperiment48,49,123
and fluorescence depolarization measurements.15,35,124 The present
work clarifies the likely origins of these ultrafast relaxation
processes.
The net effect of relaxation among a high density of exciton
states is to localize the excitation onto individual subunits.
Dynamic effects might also assist excitation localization,
whereby structural relaxation self-traps the excitation.41,125,126
At time scales of ∼100 fs or more, significant geometric
reorganizations and relaxation driven by low-frequency torsional
motions, such as planarization of the conjugated pi-system, take
place.58,127,128 On longer timescales yet, Fo¨rster-type EET
becomes dominant, migrating the excitation through space to
equilibrate on the lowest energy conformation subunits prior
to fluorescence emission. In dilute solutions, intrachain energy
transfer along isolated chains dominates, as there are relatively
few chain-chain contacts.129,130 Interchain energy transfer,
which occurs predominantly in films, is faster and more efficient
owing to the larger electronic couplings between conformational
subunits.15,39,48,59,131,132 Subsequent to EET, fluorescence emission
emanates from a small subset of the entire ensemble of
chromophores. This proposed timeline is summarized in Table
1.
Structural Reorganization after Photoexcitation. PPV
oligomers have been predicted and observed to substantially
change geometry after photoexcitation via a planarization.58,127
Further evidence for geometrical relaxation has been found from
studies of single poly(phenylene-ethynylene-butadiynylene)
chains133 as well as MEH-PPV.134 Much previous work has
demonstrated the importance of torsional motions on the
spectroscopy of conjugated polymers and oligomers, most
obviously in the asymmetry between absorption and PL
spectra.6,45,49,135 High-frequency modes might also play a role
in relaxation processes. These kinds of dynamic effects were
not considered in the relaxation model used in the present work.
The large geometry change associated with torsional relax-
ation, which is also very likely upon the excitation energy of
MEH-PPV, lowers the mean free energy and could contribute
to self-trapping if it were rapid enough (i.e., strongly coupled
to the exciton).58,136 However, planarization of conjugated
oligomers is reported to occur on the >100 fs time scale,127
which therefore occurs subsequently to exciton relaxation,
consistent with our postulated time sequence of excited-state
dynamics, Table 1. Furthermore, it is not clear how to estimate
the coupling strength of these modes to the exciton because
they have zero displacement. The anisotropy decays for the
Figure 7. (a) Anisotropy decays for chain C when only one state is initially excited. Each trace corresponds to one of the following cases: Case
1, initially delocalized, strongly interacting exciton; Case 2, interchain exciton; Case 3, initially localized, weakly interacting exciton. (b) The
redistribution of exciton density (between sites) for the initially delocalized exciton. Each trace corresponds to a different site/conformational
subunit, n, on the polymer chain. (c) The anisotropy decay is caused by relaxation from one exciton state to another, indicated here similarly to the
diagram in Figure 2. The shading on each site, or chromophore, (represented as a circle) illustrates the redistribution of occupation probability as
the initial delocalized exciton state decays to populate five other exciton states.
Figure 8. The simulated anisotropy decays based on exciton relaxation
for the three chains shown in Figure 1.
664 J. Phys. Chem. B, Vol. 113, No. 3, 2009 Dykstra et al.
POPV oligomers presented in Figure 4 support the hypothesis
that torsional modes are not involved in the ultrafast anisotropy
decay, at least with respect to isolated chromophores. This
remains an issue for debate, with others ascribing self-trapping
to coupling to these modes42,43,58,128 rather than higher frequency
modes.
It has been proposed that the rate of EET is affected by
torsional relaxation on a picosecond time scale.137 Westenhoff
et al. demonstrate that the exciton size increases upon torsional
relaxation in polythiophenes and that accounting for this is
necessary to correctly simulate the energy transfer dynamics.
Using a site-selective experiment where EET cannot contribute,
they attribute a red shift in the PL to this relaxation. The red
shift is not observed in samples where the torsions are
blocked.137 The reorganization associated with some intramo-
lecular modes is likely to occur on a time scale similar to that
of energy transfer in MEH-PPV as well.34 In MEH-PPV,
however, the importance of these effects may be obscured or
diminished by the larger conformational disorder and disorder-
related localization, like that considered in the present work.32
Exciton Relaxation and the Importance of Disorder.
Owing to the significant structural disorder in PPV chains,
neighboring exciton states can have very different dipole
transition moment vectors, meaning that exciton relaxation
between those states can be accompanied by rapid depolariza-
tion. Localization onto a single conformational subunit will have
a similar depolarizing effect. Using models based on eqs 9-13
we found that the evolution of the excited states are strikingly
strongly influenced by the degree of disorder present in the
polymer chain. This observation is the focus of this section.
As shown in Figure 6, the calculated early time-fluorescence
derives from a subset of the ensemble of states that is near in
energy to that of the excitation source. That is, absorption and
fluorescence are from nearly the same set of chromophores; there
is little spectral diffusion. Nonetheless, the anisotropy can
change greatly on this short time scale, as shown in Figures 7
and 8, without requiring a large average energy change. These
same relaxation processes are likely to be responsible for the
ultrafast 3PEPS decay reported for these same polymers.48,49
In practice, the averaging implicit in an ensemble experiment
largely washes away the conformation-dependence. Nonetheless,
it is useful to compare simulations for the representative chains
A, B, and C as a function of their radii of gyration, Figure 8.
The different exciton relaxation dynamics found for these chains
is a result of the tendency for particular types of chain
conformations to contain certain varieties of chromophores more
often. The chain with the largest radius of gyration, that is, the
most extended conformation, is found to have the slowest
anisotropy decay on average. It contains a broad distribution
of chromophore lengths (conformational subunits), meaning that
it is unlikely for two similar chromophores to lie in close
proximity. The composition of exciton states is dictated not only
by electronic coupling among chromophores, but also by their
energy mismatch. That is because, when the chromophores are
nondegenerate, the mixing coefficients in the exciton wave
function are approximately proportional to V/A (according to
perturbation theory), where V is the electronic coupling and A
is the energy mismatch. The smallest radius chain contains a
higher percentage of shorter chromophores. Because these
chromophores are more common, they are more likely to lie
adjacent to each other on the chain. The result is that they can
couple effectively and form a set of states through which
excitation can relax efficiently.
Although subtleties relating chain conformation to anisotropy
decay may often become lost in ensemble measurements, the
work on fluorescence depolarization by Grage et al. found an
anisotropy-decay dependence on chain conformation.32 A key
result of the present work is that it is not only spatial proximity
of conformational subunits that determines mixing of chro-
mophore excited states to form excitons but also their energetic
compatibility. The fastest exciton relaxation, and thereby
anisotropy decay, processes are enabled by relaxation to lower
energy states formed by shared electronic excitation on proxi-
mate conformational subunits of similar size. Hence, confor-
mational disorder plays a deciding role in intrachain exciton
formation and the fastest relaxation processes occurring after
photoexcitation by disrupting the energetic compatibility be-
tween neighboring chromophores along the polymer backbone.
Conclusions
There has been much discussion as to the nature of the
ultrafast decay component observed in polarization anisotropy
and 3PEPS (three-pulse photon echo peak shift) experiments
on conjugated polymers.15,35,48-50 The complex photophysical
response of conjugated polymers makes it difficult to ascribe
this decay to any single phenomenon. Indeed, multiple compet-
ing processes likely contribute to varying degrees, including
localization or self-trapping of the excitation, relaxation within
the exciton manifold, or polaron formation and recombination.108
Evidently, the excited-state evolution over the first 100 fs is
complicated and involves the interplay among strong and weak
coupling of excited states.118,138 We conclude, however, that
disorder is both a defining and limiting characteristic of PPV-
family conjugated polymers.
Overall, we have presented the point of view that relaxation
through a manifold of subtly delocalized exciton states on
isolated PPV-type chains can lead to rapid depolarization of
TABLE 1: Evolution of Excitation in Disordered Conjugated Polymers
process relevant timescale effect on anisotropy?
relaxation through manifold of exciton states <50 fs Spatial and energetic changes small. Decays anisotropy and gives a
particularly rapid decay in 3PEPSa data. Rapidly localizes excitation
in PPV because of the dominance of conformational disorder.
self-trapping of exciton caused by
geometry distortion
∼100 fs Localizes excitation to individual subunits by geometrical and/or
bath equilibration. May involve planarization of the chromophores.
interchain EET (in films, nanoparticles,
and aggregates)
ps to 10s of ps Significant energetic and spatial migration. Large depolarization.
intrachain EET 10s to 100s of ps
fluorescence emission (exciton recombination) ∼1 ns From subset of ensemble corresponding to the red-most
chromophores.
a 3PEPS (three-pulse photon echo peak shift) measures the time scales over which loss of the initial electronic frequency distribution occurs.
See refs.47-49
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the anisotropy. Such ultrafast anisotropy decay has previously
been reported by others, including Herz and co-workers.15 The
exciton relaxation we have modeled is not necessarily ac-
companied by large energetic or spatial migration of the exciton
but is a consequence of the disorder inherent in polymer chains.
Simulations and calculations were necessary to obtain these
insights because the subtleties of such effects are hidden by
the large degree of disorder in the ensemble that is probed by
experiment. In fact, even single molecule calculations were
affected by the microscopic nature of the numerous chro-
mophores on a single polymer chain. A general result discovered
from the chain-by-chain simulations of spectroscopy is that
energetic disorder, caused by conformational disorder, plays a
deciding role in the photophysics. In particular, disorder in the
excitation energies of conformational subunits along the PPV
chain greatly limits delocalization and concomitantly suppresses
relaxation pathways because of the substantial energy mis-
matches between neighboring subunits.
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